The technique of differential centrifugation of cell homogenates into various particulate fractions (1) has resulted in an accumulation of evidence pertaming to the importance of mitochondria in cell metabolism. The work of numerous investigators (2) has shown that certain enzymes are for the most part localized with the mitochondrial fraction of the cell. Other evidence indicates that the mltochondria are surrounded by a membrane (3, 4) which is selectively permeable (5-8). Thus it appears that the mitochondria are capable of carrying on certain specific reactions within the cell because of their selective permeability and their high concentration of certain enzymes.
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(Received for publication, March 16, 1956) The technique of differential centrifugation of cell homogenates into various particulate fractions (1) has resulted in an accumulation of evidence pertaming to the importance of mitochondria in cell metabolism. The work of numerous investigators (2) has shown that certain enzymes are for the most part localized with the mitochondrial fraction of the cell. Other evidence indicates that the mltochondria are surrounded by a membrane (3, 4) which is selectively permeable (5) (6) (7) (8) . Thus it appears that the mitochondria are capable of carrying on certain specific reactions within the cell because of their selective permeability and their high concentration of certain enzymes.
In the present investigation further evidence is offered to show that the mitochondria possess differences in permeability toward certain compounds. The swelling properties of mitochondria were studied when these particulates were incubated in various media. In addition, measurements were made of the rate of penetration into mitochondria of various solutes from the media.
Methods
Mitochondria were isolated by a modification of the method of Hogeboom et al. (1) .
All work was performed at 0--4°C. except as otherwise indicated. Male rats of the LongEvans strain, fasted for about 20 hours, were anesthetized with nembutal and the livers perfused with ice cold, modified Tyrode solution (9) . The livers were forced thiough a stainless steel tissue sieve and the homogenates diluted with cold 0.25 ~ or 0.88 ~t suerose solution and homogenized 5 minutes in a Potter-Elvehjem homogenizer. The liver homogenates were diluted to about 40 ml. with sucrose solution and the mitochondria isolated by differential centrifugation. All centritugations were performed in refrigerated centrifuges. Mter separation of the nuclear fraction by a 10 minute eentxifugation at 1300 × g, the mitochondria were washed three times as described previously (10) to remove the contaminating mierosomes and were then used as the starting material for the penetration experiments. No attempt was made to ob-rain the mitochondria quantitatively from a liver since it was desired to isolate the mitochondria in the shortest time possible.
The mitochondria were made up to 5 or 10 ml. with the medium to be studied, and at serial time intervals approximately 0.4 ml. aliquots of the suspension were centrifuged in specially constructed lucite tubes in a Spinco model E ultracentrifuge, care being taken to keep the temperature of the aliquot at all times as close as possible to that of the original suspension. The lucite tubes, termed "mitocrits," used for estimating the volume of the suspension, supernatant, andpellet, were 5/~ inches in diameter with a bore of 3.2 mm. diameter and length of 7 cm. Fine rings were turned on the outside of the mitocrits to avoid parallax in reading the length of the respective columns with a centimeter rule marked to the 0.5 mm. The mitocrits were calibrated for the relationship between length of the column and volume content by weighing the tubes which contained various amounts of mercury. Use of these tubes enabled calculation of the sedimented pellet volume and the supernatant volume of each serial sample. The volumes of the mitochondrial pellets isolated in this manner for subsequent analysis varied from 20 to 100 microliters.
Sucrose was estimated by the method of Hassid (11) after hydrolysis with invertase, a blank being determined by omitting the invertase. Sucrose was removed from the samples by repeated extractions with boiling 80 per cent ethanol. Protein was determined by the biuret method of Kirk (12) . In all cases, when reported, a sample of the original mitochondrial suspension was taken for protein analysis and the protein content of any particular serial sample calculated from this value.
Iodine131-1abelled bovine plasma albumin was prepared by a modification of the method of Fine and Seligman (13) . The labelled albumin was dialyzed for 30 to 40 hours to remove any non-bound activity, a procedure which was carefully checked by showing that less than 10 -8 per cent of the activity remaining after 30 to 40 hours was dialyzable.
Sodium chloride solutions containing sodium 24 were prepared by adding an excess. of hydrochloric acid to sodium carbonate containing sodium 24 and evaporating this solution to dryness. The residue was then diluted to the desired concentration with water. Radioactive potassium chloride solutions were prepared from a mixture of potassium 42 and 4s. The potassium 42-43, manufactured by cyclotron bombardment, was evaporated to dryness and diluted with potassium chloride solution. All radioactivity measurements were made with a scintilation counter.
As an approximation the equation of Collander and Bgrlund (14) was used to describe the penetration of solute into the mitochondria. This equation assumes constant cell volume and cell surface area, conditions not realized in the present investigation. However, because the penetration appears to follow Fick's law of diffusion, the equation may be utilized for purposes of comparison of half-times for penetration of a solute. This equation may be written as: Ct ffi C~o (1 -e -~t) in which Ct is the mitochondrial pellet concentration at time t and C~o is themitochondrialpeUet concentration at equilibrium and K includes the parameters: diffusion coefficient, mitochondrial surface area, mitochondrial volume, and mitochondrial membrane thickness. Half-times for change in mitochondrial pellet concentration were determined from the lu2 relationship: tl/~ = --K-' in which K was determined by plotting In (C~ -Ct) against time, the slope being equal to K.
P~ESULTS

Estimation of Trapped Fluid in Mitochondrial Pellets
Preliminary experiments were performed on mitochondria isolated in 0.88 xt sucrose. Analysis of these isolated mitochondrial pellets showed that they contained a high concentration of sucrose, which was indicative of penetration of sucrose into the mitochondria. However, because the interstitial space of the pellet was unknown it could not be definitely concluded that this sucrose was not entirely located in the fluid between the mitochondrla. I131-1abelled bovine plasma albumin was chosen as a molecule possibly too large to enter the mitochondrla, which if true would allow the determination of the interstitial space of the pellet.
Mitochondria were isolated in two experiments in 0.25 ~ sucrose and in the third in 0.88 ~ sucrose. The mitochondria were kept in the same media at 0-4°C. but with the addition of I~3~-labelled albumin at a concentration of 2 to 13 nag. of albumin per ml. At successive time intervals an aliquot was centrifuged for 15 minutes at 24,600 X g in mitocrit tubes. The supernatant was removed and the top of the pellet and sides of the tubes rinsed three times with water, followed by removal of the pellet with three rinses of water. The isolated supernatant and pellet were then subjected to analysis. In all cases the average of the concentrations of the serial sample supernatants was used for calculations involving the concentration of solute in the suspending medium.
The change of concentration of sucrose in the mitochondrial pellet with time is shown in Fig. 1 for one of these experiments. The concentration of sucrose in the mitochondria alone was calculated from the total pellet concentration, correcting for the interstitial space as estimated by assuming that no labelled albumin entered the mitochondria. The half-times calculated are shown in Table I . In these experiments, because the mitochondria were maintained at the same temperature throughout the experiment, time zero was taken as the time at which sucrose was first added to the fiver pulp. It may be seen that the mitochondria are permeable to sucrose even at temperatures in the range of 0-4°C. The variation in half-times among separate experiments was much greater than the difference between half-times for changes in the whole pellet sucrose concentration and mitochondrial sucrose concentration, which agreed fairly well. For this reason it was concluded that determination of the half-time for changes in the whole pellet concentration could be used as an index for the changes in concentration occurring in the mitochondria.
Table I also shows the range over which the calculated interstitial spaces changed during the period of the experiments. There was a continual increase in the radioactivity of the pellet with time, which was probably due either to a slow penetration of the mitochondria by albumin or to adsorption of the labelled alburnin onto the mitochondria. The minimum interstitial space calculated in these experiments was in the neighborhood of 18 per cent. This 18 per cent value is probably close to the true interstitial space because such values are recorded at a time near zero and minimize the effect of any penetration or adsorption of albumin. The foregoing conclusion is based on the assumption that adsorption by, or penetration into, the mitochondria by labelled albumin is small as compared to the amount of the label in solution in the interstitial space. The next experiments dealt with an attempt to determine whether the assumption was correct.
An experiment was carried out to see how much of the activity in the pellet could be removed by repeated washing. Mitochondria were isolated in 0.25 sucrose, and 47 rag. of albumin labelled with 9 vc. of I ~3~ added to the suspension, which had a firial total volume of 10 ml. The mitochondria were allowed to stand in the albumin-sucrose medium for 1 hour at 0-4°C. After 1 hour 2 ml. duplicate samples of the mitochondrial suspension were transferred to centrifuge tubes and centrifuged for 15 minutes at 24,000 X g. 1 ml. of supernatant was removed from each for counting, the remainder being discarded. The top of the pellet and inside of the tube were rinsed three times with 0.25 ~t sucrose. 2 ml. of 0.25 M sucrose were added and the pellet was resuspended and recentrifuged. This procedure was repeated two more times at approximately 50 minute intervals, taking samples of the supernatant each time. At the end of the last sedimentation, the pellet was removed for radioactivity assay, together with an aliquot of the supernatant. Calculations based on a separate mitocrit determination from the same original sample showed that the pellet was diluted by a factor of ten at each wash. The radioactivity concentration in the pellet was calculated by adding to the activity of the final washed pellet the total activity removed at each wash. Fig. 2 shows the results of such washing on the removal of the labelled albumin. It may be seen that three washes of the mitochondria reduced the activity concentration of the pellet to 15 per cent of the original value, indicating that the bulk of the activity was readily removable.
Another experiment was devised in which the rate of liberation of the tightly bound labelled albumin could be studied. Mitochondria were isolated in 0.25 ~x sucrose and incubated for 1.5 hours at 0-4°C. in 0.25 ~t sucrose containing 9 gc. of IlaMabelled albumin. Following incubation the pellet was twice washed with 0.25 ~ sucrose by means of 8 minute centrifugations at 27,950 × g, which by dilution would have reduced the free atbumin to less than 2 per cent of the original value. The pellet was resuspended in 0.25 M sucrose and allowed to remain at 04°C. At serial time intervals, samples were taken and the concentration of radioactivity determined for the supernatant and pellet. As may be seen from Fig. 3 , the activity was seen to leave the mitochondfia slowly, and at 19 hours the pellet activity concentration was still 16 times higher than that of the supernatant.
Because in the washing experiment the pellet activity concentration was reduced to about 30 per cent of the original by the first wash, which on the basis of dilution alone, should have reduced it to about 10 per cent, it can be shown by a simultaneous equation that only 22 per cent of the label in the pellet was originally associated with the mitochondria. This 22 per cent probably represents adsorption by or penetration into the mitochondria and is removed very slowly as indicated in Fig. 3 .
The important consideration is that the bulk of the labelled albumlu in the pellet, i.e. about 80 per cent, described in the previous sucrose penetration experiments represents interstitial space, and that a valid estimate of the space may be made. Furthermore, because the interstitial space as measured Fzo. 3. The rate at which the concentration of Im-labeUed albumin was reduced in a mitochondrial pellet and the rate it appeared in the suspending medium when a pellet containing labelled albumin was resuspended in 0.25 xr sucrose solution.
is small, i.e. less than 20 per cent, and because the calculated half-times for penetration of sucrose into the mitochondria and whole pellet are approximately the same, it would appear valid to use the concentration changes of various solutes occurring in the whole pellet as an index to the concentration changes of those solutes occurring within the mitochondria.
Penetration Experiments
In the following experiments a modification of the original scheme of centrifugation was used to allow a more rapid isolation of mitochondria. After isolation of the nuclear fraction as described previously, the mitochondria were sedimented by an 8 minute centrifugation at 17,590 X g. Washing of the mitochondria was carried out by several resuspensions of the pellets with fresh sucrose solution in 8 ram. bore tubes and recentrifugation as above to remove contaminating microsomes. Mitochondria were isolated in 0.25 M sucrose except in the case of experiments in which 0.88 ~ sucrose was used. In all cases the isolated mitochondria were made to a volume of 5 ml. in the medium under study. At successive time intervals an aliquot was centrifuged for 8 minutes at 31,000 X g in mitocrit tubes and the pellets and supern&tants analyzed as described previously. In all these experiments time zero was taken as the time at which the mitochondria were placed in the medium under study; i.e., not including the time for isolation. This was done because the experiments were carried out at a temperature different from that used in isolation and in some instances mitochondria were placed in solutions differing from that of the isolation medium. The procedure allowed isolation of mitochondria from the liver pulp in 1.7 hours.
In experiments in which compounds purposely were not added to alter the pH of the resulting 5 nil. suspension, the pH was approximately 7.4. This was determined by preliminary experiments which showed that in each case in which mitochondria were isolated in sucrose and finally suspended in sucrose, KCI, or NaC1, the pH of the resulting suspension, as measured by the glass electrode, was between pH 7.3 and 7.5. When I~l-labelled albumin was added, the resulting pH was 7.1. Each pH measurement was obtained using mitochondria from a separate whole rat liver.
The Effect of Distilled WaJer
Mitochondria when placed in distilled water were observed to swell rapidly before the first measurement could be made (within 10 minutes) followed by a slower rate of swelling. In water the mitochondria were found to swell more rapidly and to larger volumes than in any other medium studied. 1 The results or these experiments are shown in Fig. 4 . For comparison, the effect of other media on mitochondrial volume changes is also shown. Mitochondrial pellet volumes are expressed as milliliters of pellet per gram of mitochondrial protein present at zero time. It may be seen that neither the degree nor the rate of initial swelling was reduced by lowering the temperature from 12.5 to 0°C. The results are summarized in Table II .
The Effecl of Potassium Chloride Solutions at 12.5°C.
In these experiments the amount of potassium which entered the mitoehondria was determined by ~iding radioactive potassium to the potassium chloride medium. The concentration of potassium in the mitochondrial pellet was then calculated from the volume and radioactivity of the pellet and the specific activity of the suspending medium. This introduces the possible error of exchange of potassium from the medium with bound potassium already in the mitochondria. The term "bound" as used here refers to compounds which are not removed by the repeated washing of the mitochondria during the isolation procedure. The exchange would result in a value higher than the true concentration of free diffusible potassium in the pellet entering from the suspension medium.
The error, if it occurred, would be small because the bound potassium of isolated mitochondria is only 16 to 17 per cent of the maximum content found to be reached by the granules after incubation in 0.15 ~r KCI, this value being 31 mg. per gin. of mitochondrial protein. Griswold and Pace (16) have reported a bound potassium content of 5.3 nag. of potassium per gin. of mitochondrial protein when the mitochondria were isolated by the same method used here. This agrees with the value reported by Stanbury and Mudge (17) of 4.9 mg.
1 An exception was seen after prolonged treatment in the medium of MaeFarlane and Spencer (15) . . Furthermore, the latter authors have shown that under conditions similar to those used here there is negligible exchange between bound mitochondrial potassium and the potassium of the suspending medium.
When mitochondria were incubated with 0.15 ~ KC1 at 12.5°C., the mitochondria swelled rapidly and the concentration of diffusible potassium in the pellet increased rapidly from zero to 93 per cent of the supernatant concentration. This is shown in Fig. 5 . In two experiments the half-times for penetration of potassium were calculated to be approximately 0.1 hour. The decrease in pellet volume seen after 24 hours is probably due to rupture of some of the mitochondrial membranes.
Incubation of mitochondria at 12.5°C. in 0.15 x¢ NaC1 containing a trace amount of carrier-free radioactive potassium resulted in the pellet activity concentration increasing rapidly to a maximum of 98 per cent of the medium activity concentration and remaining at this level for 6 hours. Following this time the activity concentration of the pellet rose slowly to a value of 538 per cent of the medium concentration at 46 hours. Thus it may be concluded that exchange with the bound potassium does not occur to any appreciable extent during the first 6 hours. Consequently, analysis for diffusible potassium entering the mitochondrial pellet as used here is considered valid. The data are summarized in Table II .
The Effect of Sodium Chloride Solutions at 12.5°C.
In these experiments calculations for the sodium entering the mitochondrial pellet from the suspension medium again were based on radioactivity. "Mitochondria were incubated in sodium chloride solutions containing sodium ~a. The concentration of sodium in the mitochondria was calculated from the volume and radioactivity of the pellet and the specific activity of the supernatant.
The maxhnum sodium uptake by the mitochondria from 0.15 M NaCI solutions at pH 7.4 was 14 and 27 mg. of sodium per gin. of mitochondrial protein. Spector (18) has reported betweel~ 0.5 and 1.7 rag. of sodium per gin. of protein (based on mhochondrial protein containing 16 per cent nitrogen) and Griswold and Pace (16) have found 0.35 rag. of sodium per gin. of protein for the bound mitochondrial sodium. Therefore exchange, if it occurred, would represent only I to 12 per cent of the total sodium found by this method.
In all the experiments with 0.15 ~¢ NaCI at various hydrogen ion concentrations the maximum concentration reached in the pellet was between 94 and 102 per cent of the supernatant concentration. When the concentration of sodium was made 0.0048, 0.024, and 0.073 ~ with the total made to 0.15 M in the first two by the addition of potassium chloride, the maximum concen-trations of sodium reached by the pellets were still only 95, 97, and 102 per cent of the supernatant concentration respectively. In the case of 0,0048 1¢ sodium the maximum uptake of sodium by the pellet was 0.85 rag. per gm. of mitochondrial protein, which is about equal to the amount of bound mitochondrial sodium. This indicates a very low exchange, if any, of the bound sodium with sodium taken up from the suspending medium since at all concentrations of sodium the equilibrium concentration in the pellet percentagewise was about the same. The conclusion is based on the fact that a mitochondria] pellet is about 90 per cent water (15) and on the evidence that the sodium label rapidly enters this water space and comes to equilibrium with the suspending medium sodium concentration. If appreciable exchange occurred, the cak'ulated sodium concentration of the pellet would be based on the label in the water space as well as the bound sodium and would result in a calculated pellet sodium concentration that is considerably higher than the suspending medium. The half-times for penetration when mitochondria were incubated in 0.15 ~r NaC1 at 12.5°C. are shown in Table II . It may be seen that at pH 7.4 sodium enters at about the same rate as does potassium. When the pH was altered by the presence of sodium carbonate, the rate of penetration of sodium was changed. The data show that alteration of the pH from about 7.4 to 8.0 caused a decreased rate of penetration. This is in agreement with the work of Cleland (7) and Raaflaub (8) based on changes in the rate of swelling of mitochondria as measured by photometric means. Fig. 6 shows an example of the changes in pellet sodium concentration when mitochondria were incubated in 0.15 ~¢ sodium chloride-sodium carbonate solution at pH 8.0. Fig. 7 shows the graphical analysis for the half-time of penetration of sodium ion in this experiment.
MacFarlane and Spencer (15) have reported that mitochondria are able to concentrate sodium and potassium against an external concentration gradient. In their experiments mitochondria were incubated at 28°C. in a medium composed of: 0.05 ~ KC1, 0.02 ~r sodium L-glutamate, 0.005 M MgSO4, 0.01 M Na2HPO4-KI-I~PO4 (pH 7.4), 0.00003 M cytochrome c, and 0.0015 ~ adenosine-5-monophosphate. The medium contained sodium and potassium at concencentrations of 0.81 mg. per ml. and 2.07 mg. per ml. respectively. These investigators found an increase in both sodium and potassium over that of the suspension medium when mitochondria were incubated for 10, 30, 60, and 90 minutes with AMP present in the medium. No increase was found when AMP was omitted.
The experiment of MacFarlane and Spencer was repeated using the same incubation medium, with the exception that the concentrations of sodium and potassium in the incubation medium were changed to 1.38 rag. per ml. and 1.60 rag. per ml. respectively. The concentration of sodium entering the mitochondrial pellet was measured by means of radioactive sodium as previously described. By this method no increase in pellet sodium concentration was found over that of the suspension medium at 9, 28, 64, and 146 minutes or for various samples after this time taken up to 25 hours after the start of incubation. Negative results were also obtained when the experiment was repeated at 12.5°C. In the two experiments the measured sodium concentration in the pellet reached 97 and 99 per cent that of the suspendLug medium. This result is the same as that observed when mitochondria were incubated in 0.15 ~* NaC1 at 12.5°C.
In the above experiments the mitochondria were observed to swell to approximately the volumes observed with simple sodium chloride solutions during the 1st hour at 28°C. and the first 6 hours at 12.5°C. After the 1st hour at 28°C. the pellet volumes were observed to decrease, which was probably due to disintegration of the mitochondria. In the case of the experiment at 12.5°C., between 20 and 30 hours, the mitochondria were found to have swollen to large volumes equal to those seen when mitochondria were placed in distilled water. At 44 hours the volume had exceeded that seen in distilled water. These experiments are summarized in Table II .
The Effect of Sucrose Solutions at 12.5°C.
These studies are different from those described in the preliminary experiments in that no albumin was present and the incubation temperature was 12.5°C. instead of 0-4°C. The effects of sucrose solutions may, therefore, be compared with the previously described effects of sodium chloride and potassium chloride solutions.
Experiments performed in 0.25 ~r sucrose at pH 7.4 showed that sucrose entered the mitochondria more slowly than sodium and potassium at the same pH. The half-tlmes for sucrose penetration in four experiments were determined to be: 3.1, 1.7, 1.9, and 0.9 hours. Fig. 8 shows the change in sucrose concentration in the mitochondrial pellet with time for one of these experiments, and Fig. 9 shows the graphical determination of the half time for penetration of sucrose in the same experiment. The maximum sucrose concentration reached in the pellet as a per cent of the supematant concentration was 76, 76, 86 and 94 per cent respectively. The times at which the maximum pellet concentrations were reached were: 16, 10, 11, and 5 hours respectively. The maximal mitochondrial volumes attained were similar to those observed when mitochondria were incubated in potassium or sodium chloride solutions.
When mitochondria were incubated in 0.88 M sucrose, the half-time for penetration of sucrose did not differ greatly from that in 0.25 M sucrose. In 0.88 M sucrose the half-times for penetration of sucrose were: 1.9, 2.7, and 4.7 hours and the sucrose concentrations reached in the pellets as a per cent of the supernatant concentrations were: 88, 90, and 88 per cent respectively. The times at which the maximum pellet sucrose concentrations were reached were: 12, 13, and 22 hours respectively. Two experiments were performed in which mitochondria were incubated at 12.5°C. and at an approximate pH of 7.1 in 0.15 xt NaC1 containing 4.7 and 4.2 rag. per mh of la*a-labelled albumin. These experiments differ from the preliminary experiments with albumin in that the temperature was different and the medium contained sodium chloride, the cation of which penetrates mitochondria very rapidly as compared to sucrose. The amount of albumin in the pellet was determined by the radioactivity of the pellet in the same manner as in the sodium and potassium experiments. There was a slow increase in albumin concentration in the pellet which reached only 21 and 27 per cent of the supernatant concentration after 46 hours' incubation from an initial concentration of 17 and 18 per cent respectively. These data are shown in Table II .
To rule out the possibility that this extremely slow penetration as compared to previous experiments with sucrose, sodium, and potassium was due to the change in pH from 7.4 to 7.1, the experiment described below was carried out. Mitochondria were incubated in a solution buffered to pH 7.1 by use of Michadis' "universal buffer" (19) which is isotonic with blood and contained sodium at a concentration of 0.15 ~r. Under these conditions sodium ion entered the mitochondria with a half-time of 0.3 hour which is within the range of the half-times for sodium penetration determined for 0.15 NaC1 solutions at pH 7.4. Thus it may be concluded that if albumin enters at all, this compound penetrates isolated mitochondria extremely slowly.
DISCUSSION
The experiments reported here show that isolated rat liver mitochondria are permeable to water, sodium, potassium, and sucrose and are relatively impermeable to albumin. The more rapid swelling of mitochondfia in distilled water as compared to sodium chloride or potassium chloride solutions indicates that water enters very rapidiy in comparison to the rate at which these solutes enter. At pH 7.4 sucrose enters the mitochondria more slowly than sodium or potassium and albumin enters very slowly, if at all. The fact that the ratio of pellet albumin concentration to supernatar.t albumin concentration after 46 hours' incubation was considerably lower than the ratio of the equilibrium pellet sucrose concentration to supernatant sucrose concentration, and that most of the pellet albumlu can he considered to be in the interstitial space of the pellet, clearly shows that isolated rat liver mitochondria are more permeable to sucrose than to albumin.
The findings indicate that some type of barrier to free diffusion exists. Further evidence for this is seen when one considers the free diffusion of sucrose into a sphere of water the size of a mitochondrion as compared to the measured rate of penetration of sucrose into mitochondria. Fig. 8 shows the data obtained for change in mitochondrial pellet sucrose concentration with time for rat 24 at 12.5°C. in 0.25 ~ sucrose. Fig. 9 shows the smooth curve from Fig. 8 plotted as In (Coo -Ct) against time, and from the slope of the straight line portion a value of 1.9 hours was obtained for the halftime of increase in pallet sucrose concentration.
The following equation for free diffusion of a solute into a sphere is given by Jacobs (20): in which JI is the average concentration of solute in the sphere at time t, and c is the constant external concentration of solute. The value r is the radius of the sphere and D is the diffusion coefficient. By estimating a mean value for the radius of a mitochondrion, one can calculate the relationship between concentration of solute in the mitochondrion and time, assuming that the membrane offers no resistance to free diffusion and the interior is water. The diffusion coefficient for sucrose in aqueous solution at a concentration of 1 gm.-mole per liter and at a temperature of 12°C. is 3.0 X 10 -ecm. 2 per second (21). For a sphere of water of 1 micron radius immersed in 1 M sucrose, the half.time for increase in average sucrose concentration inside the sphere may be calculated to he 0.24 millisecond. Similar calculations show that even for a 10 micron radius the half-time is only 24 milliseconds. Because the radii of the mitochondrla used in the present experiments were certainly less than I0 microns, there is clearly a very slow penetration of sucrose into the mitochondria as compared to free diffusion of sucrose into a sphere of water of the same size range. The equation of ]acobs does not assume instantaneous mixing of solute within the sphere as does the equation of CoUander and B~irlund, given earlier. It may be seen, however, that owing to the rapid rate at which equilibrium is reached for spheres in the size range of cells, for all practical purposes instantaneous mixing can be assumed to occur within the mitochondrion, provided the intramitochondrial contents do not restrict free aqueous diffusion to any great extent.
A deviation from a straight line like that shown in Figs. 7 and 9 at a time near zero was' observed in all experiments and would not be seen if the equation of Collander and B~irlund were followed experimentally. The magnitude of this deviation at time zero is indicated in Table II 
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X 100 and represents the concentration of solute reached in the pellet by one or more rate constants differing from the rate constant reported. From these values it would seem that a large portion of the solute penetrated the mitochondria by a more rapid process than is indicated by the calculated rate constants. In the case of sucrose this is partially explained by sucrose that entered during the isolation procedure, because zero time was actually taken as 1.7 hours after the introduction of sucrose, when a temperature change was made.
Furthermore, in use of the equation of Collander and B~iflund for a description of the penetration process of mitochondrial pellets by solutes one would expect a deviation at a time near zero because mitochondria swell during the penetration process. The rate constant determined by this equa-AD tion is equal to: ~, in which A is the particle surface area available for free diffusion, V the particle volume, x the membrane thickness, and D the diffusion coefficient. The relationship between the ratio of surface area to volume, A/F, and volume, V, for a sphere may be determined from the assuming that no changes occur in the values of x or D. For a doubling in particle volume, which is the approximate mitochondrial pellet volume change between the first measurement and the maximum volume reached, the rate constant is 26 per cent greater at the original volume as compared to the time at which the volume is doubled. Consequently, the rate constant as used here is not constant but decreases as the mitochondria swell.
It should be pointed out that the rate constant is independent of a constant interstitial space. This is shown by the following consideration. The analysis for K is made by rewriting the equation of Collander and B~rlund as: ~s.,. -S,.t,I. K.
t~-ta
Thus the rate constant, K, is independent of the size of a constant interstitial space.
From the above reasoning and the fact that the experimental determination of K based either on whole pellet concentration changes or on mitochondrial concentration changes alone, results in approximately the same value for K, it would appear that the magnitude of interstitial space changes is small so that they do not affect the calculation of K based on whole pellet measurements.
The magnitude of the deviation at a time near zero of the curve obtained by plotting ln(C~ --C~) against time indicates that some cause in addition to mitochondrial volume increase is responsible. It may be that more than one type of mitochondria is present. If part of the mitochondria were permeable to the solutes studied while a second type were less permeable, there would result more than one rate constant for total permeation. Such a possibility is not unlikely, as visual inspection of a centrifugally isolated mitochondrial pellet reveals layers of differently colored mitochondria. Hatman and Feigleson (22) have observed three types of rabbit heart mitochondria and Schneider (2) has reported that the layers seen in sedimented mouse liver mitochondrial pellets possess different enzyme activities.
An explanation for the differences in maximum volume attained by mitochondria in various media was not found in these experiments. It may be seen from the data given in Table II that experiments performed in 0.88 M sucrose resulted in less swelling than when mitochondria were incubated in other media. This occurred even though the concentration of sucrose inside the mitochondria had reached an equilibrium with the suspending medium sucrose concentration, thus ruling out a difference in osmotic pressure between the inside and outside owing to differences in sucrose concentration. The fact that mitochondria swell to large volumes when isolated in distilled water (1) is probably due to osmotically active molecules within the mitochondria, some of which may slowly diffuse outward. It may be that differences between the rate of entering solute and internal osmotically active solute" diffusing out of the mitochondria control the final volume, as has been shown to occur with oleate-treated erythrocyte ghosts (23) . This does not, however, offer any simple explanation for the difference in maximum volume attained in 0.25 and 0.88 ~ sucrose.
Experiments similar to those of MacFarlane and Spencer (15) did not show that mitochondria could concentrate sodium against an external concentration gradient as reported by these investigators. A possible explanation for the discrepancy depends on the bound sodium content of the mitochondria. MacFarlane and Spencer measured the total sodium content of the mitochondria. In the same experiments they reported that mitochondria contained approximately 0.3 rag. of sodium per mL of water when isolated in 0.25 ~ sucrose. The value represents bound sodium and one can subtract it from the total sodium concentration reported by MacFarlane and Spencer after incubation. The difference may be considered as the concentration of free diffusible sodium which has entered the mitochondrial pellet. These investigators found a maximum sodium concentration in the pellet at 60 minutes which was 1.17 rag. per ml. of mitochondrial water. Subtraction of 0.3 rag. per ml. for bound sodium results in a value of 0.87 rag. per ml. which is close to the 0.81 rag. per ml. of the suspending medium. The small discrepancy may be due to the uncertainty in the determination of the bound mitochondrial sodium in their experiment because in two separate experiments they reported values of 0.26 and 0.34 rag. per ml. for bound sodium. These considerations raise doubt about the ability of mitochondria to concentrate sodium against an external gradient in dtro, especially in view of the fact that both with the medium of MacFarlane and Spencer and with simple sodium chloride solutions the same sodium concentrations were reached in the mitochondrial pellet.
The reasoning is substantiated by the experiments of Spector (18), who showed that a medium at 37°C. conta~nlng AMP, sodium glutamate, cytochrome c, and phosphate-HC1 buffer prevented a loss of bound potassium. In addition, with the same medium, to which was added potassium glutamate in concentrations of 0.01 and 0.04 ~, Spector found no significant increase in bound mitochondrial potassium. In contrast to this, when mitochondrla were incubated in isotonic sucrose at 37°C., the bound potassium was reduced to a value too small to measure, and sodium was reduced to 34 per cent of the value found in 0.25 ~ sucrose after 6 hours at 2°C. The reductions in sodium and potassium content occurred within 15 minutes when incubation was carried out at 37°C. Thus the fact that MacFarlane and Spencer found no increase in sodium concentration over that of the suspending medium when AMP was omitted may have been due to a loss of bound sodium.
It may be concluded from the experiments reported here that isolated rat liver mitochondria show differences in permeability toward the various solutes studied. These experiments and the electron micrographs of Palade (3) and Dalton eta/. (4) suggest that the mitochondria possess a membrane which regulates the rate at which various solutes can enter. Because the equilibrium concentrations reached in the mitochondrial pellets for various concentrations of sodium, potassium, and sucrose were observed to be close to that of the medium concentration, it would appear that most of the interior is available to these solutes. Under the conditions of the present experiments it may also be concluded that movement into mitochondria of the solutes examined is controlled by a mitochondrial membrane exhibiting only passive permeability characteristics. It should be noted, however, that other investigators (15, 24) have postulated that under different conditions fresh mitochondria may be able to accumulate sodium and potassium against a concentration gradient in a process involving the expenditure of metabolic energy, and hence may be capable of the active transport of simple ions. On the other hand, it is becoming increasingly evident (16, 17, 24) that substantial amounts of sodium and potassium may be bound by mitochondrial constituents, and additional .experimental data are needed to elucidate more fully the possible role of these ion-binding constituents in producing the discrepancies that are sometimes observed between intramitochondrial and extramitochondrial concentrations of sodium and potassium. SU~r~ 
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The rates of penetration of various solutes into isolated rat liver mitochondria have been studied. Sodium, potassium, and sucrose were observed to enter the mitochondria until an equilibrium concentration was reached. The diffusion of these solutes, after the first few minutes, followed the predicted diffusion curve for solutes entering a particle with a rate-limiting membrane and instantaneous mixing in the interior. Reasons for deviations from the predicted equation during the first few minutes of diffusion are suggested.
The data show that at pH 7.4 sodium and potassium enter more rapidly than sucrose. I131-1abelled albumin was found to enter very slowly, if at all. Increasing the pH from 7.4 reduced the rate at which sodium ion penetrated tl~e mitochondria. The rate of diffusion of sucrose into mitochondria was considerably slower than diffusion of sucrose into a sphere of water of the same size.
Sodium ion was not found to be concentrated in vitro against an external concentration gradient as has been reported by other investigators.
It is concluded that the rate of diffusion of solutes between the external medium and the interior of mitochondria is probably restricted and controlled
